The presence of calcitonin gene-related peptide (CGRP) in the efferent fibers of virtually every hair cell organ studied suggests it may serve some fundamental but heretofore unknown role in control of hair cell function. We examined the effects of CGRP on spontaneous and stimulus-evoked discharge patterns in an in vitro preparation of the lateral line organ of Xenopus laevis. Discharge patterns were determined by sinusoidally displacing the cupula with a glass micropipette driven with a piezoelectric device while recording afferent fiber activity. All afferent fibers had characteristic frequencies of 16-32 Hz. Responses synchronized to cupular displacements as small as 20 nm. CGRP suppressed responses of the lateral line organ to displacement while increasing spontaneous discharge rate. In the presence of CGRP, stimulus-response curves were shifted 10 dB toward higher displacement levels. The suppression of stimulusevoked responses suggests a function for CGRP as an efferent neurotransmitter that is similar to that of cholinergic efferent transmission in other hair cell organs. The 10 dB shift toward larger displacements makes it comparable in magnitude with the effects of electrical stimulation of efferents in the mammalian cochlea. This suggests a significant role for CGRP in efferent modulation of the output of this mechanosensory organ.
The presence of calcitonin gene-related peptide (CGRP) in the efferent fibers of virtually every hair cell organ studied suggests it may serve some fundamental but heretofore unknown role in control of hair cell function. We examined the effects of CGRP on spontaneous and stimulus-evoked discharge patterns in an in vitro preparation of the lateral line organ of Xenopus laevis. Discharge patterns were determined by sinusoidally displacing the cupula with a glass micropipette driven with a piezoelectric device while recording afferent fiber activity. All afferent fibers had characteristic frequencies of 16-32 Hz. Responses synchronized to cupular displacements as small as 20 nm. CGRP suppressed responses of the lateral line organ to displacement while increasing spontaneous discharge rate. In the presence of CGRP, stimulus-response curves were shifted 10 dB toward higher displacement levels. The suppression of stimulusevoked responses suggests a function for CGRP as an efferent neurotransmitter that is similar to that of cholinergic efferent transmission in other hair cell organs. The 10 dB shift toward larger displacements makes it comparable in magnitude with the effects of electrical stimulation of efferents in the mammalian cochlea. This suggests a significant role for CGRP in efferent modulation of the output of this mechanosensory organ.
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The presence of calcitonin gene-related peptide (CGRP) in almost every hair-cell organ studied (Adams et al., 1987; Takeda et al., 1987; Sliwinska-Kowalska et al., 1989; Wackym et al., 1990) suggests it may serve some fundamental role in control of hair cell function. Its colocalization with acetylcholine in efferent nerve fibers (Ohno et al., 1991; Vetter et al., 1991; Roberts et al., 1994; Safieddine et al., 1997) raises the possibility that it may influence cholinergic transmission at this synapse. The principal role of these efferent nerve fibers is to modify the capability of the organ to transduce mechanical motion. Most of what is known about efferent modulation of these sensory organs is associated with the cholinergic effects of efferent activation. Despite the nearly ubiquitous presence of CGRP in inner ear efferent nerve fibers, only two actions have been described in the inner ear: an increase in spontaneous discharge rate in afferent nerve fibers innervating hair cells in the lateral line organ (Adams et al., 1987) , apparently produced by an increased rate of release of transmitter from the hair cell (Sewell and Starr, 1991) , and an enhancement of responses of isolated hair cells to acetylcholine (Shigemoto and Ohmori, 1990) .
Similar to auditory nerve fibers, afferent fibers in the lateral line organ discharge in the absence of controlled mechanical stimulation (Harris and Milne, 1966) . This is attributable to release of transmitter from the hair cell associated with activation of voltage-dependent calcium channels. These channels are continually activated by the resting transduction current. The general response characteristics of fibers innervating hair cells in the in vivo lateral line organ are also similar to those described for auditory nerve fibers (Elepfandt, 1988) . Fibers display spontaneous discharge that is modulated by mechanical stimulation and have a characteristic frequency (CF) to which they are most responsive.
In the Xenopus laevis lateral line organ, CGRP is present in the myelinated efferent fibers (Adams et al., 1987) that synapse on the hair cell (Görner, 1967; Shelton, 1970; Fritzsch, 1989) . These efferent fibers are known to be cholinergic (Russell, 1971; Flock and Lam, 1974; Hellmann and Fritzsch, 1996) , with a receptor pharmacological profile (Russell, 1971; Sewell and Starr, 1991) that suggests the presence of the ␣-9 nicotinic receptor (Elgoyhen et al., 1994) .
Working in vitro provided significant advantages for studying the role of CGRP in hair cell function. In addition to the precise control of peptide dosage, it permitted us to define the stimulus near the hair cell. We were able to generate very fine movements of individual cupula while simultaneously recording activity from the afferent fiber that innervated the hair cells of that particular cupula. This allowed us to obtain detailed analyses of the effects of CGRP on the transfer function between cupular displacement and afferent discharge patterns.
MATERIALS AND METHODS
Postmetamorpshic Xenopus, ϳ2 cm from nose to vent (Nasco, Fort Atkinson, W I), were housed at room temperature in deionized water containing 1 mM added calcium chloride. Each frog was anesthetized by chilling to near 0°C and then decapitated. A piece of skin containing the middle lateral row of stitches was removed and placed inner surface up on a piece of moistened filter paper. The skin was rinsed with an artificial perilymph solution containing sodium chloride (120 mM), potassium chloride (3.5 mM), calcium chloride (1.5 mM), and glucose (5.5 mM), buffered with H EPES (20 mM) and adjusted to pH 7.5 with sodium hydroxide (total Na ϩ 130 mM). Perf usion of the inner surface of the skin allowed relatively rapid diff usion (within 20 sec) to the basolateral surface of the sensory epithelium.
The lateral line organ comprises a series of "stitches" arranged in rows along the body wall. Each stitch contains 3-10 neuromasts, which, in turn, contain 10 -30 hair cells, as well as supporting cells. Each neuromast has a cupula that projects outward into the aquatic environment. A single stitch is innervated by two large myelinated afferent fibers. Each of the afferent fibers innervates hair cells of opposing polarity. It is possible to place the whole nerve trunk on a wire electrode, destroy all branches of the nerve trunk except that to one stitch, and record activity from two single fibers. It is often possible to monitor only one of those fibers if spike amplitudes are different.
For the experiments in which only spontaneous afferent discharge was recorded, the nerve branch innervating the middle lateral row of stitches was dissected from the inner surface of the skin. E xtracellular recordings were made using a silver wire electrode . For these experiments, activity from three adjacent stitches was monitored simultaneously to reduce the variability in discharge rate normally seen in spontaneous afferent fiber discharge over time. The observed monophasic action potentials with positive polarity were amplified 1000-fold and monitored on an oscilloscope. The signal-to-noise ratio was optimized by analog filtering. A Schmitt trigger device was used to determine the occurrence of action potentials, which were counted with a microprocessor.
For experiments in which stimulus-evoked discharge was recorded, the preparation was altered to permit mechanical stimulation. All branches of the lateral line nerve but one were cut, allowing the activity from one or both fibers of a single stitch to be recorded. The skin was transferred inner surface down to a modified microscope slide that had a 100 m square perf usion groove etched into the glass. The longitudinal axis of the stitch was placed opposing the perf usion groove, secured to prevent movement, and trimmed to expose the proximal 5 mm of the afferent nerve fiber. The skin on the microscope slide was positioned on a Z eiss (Oberkochen, Germany) standard microscope and viewed from above (cupular side) with a 16 ϫ 0.32 NA lens. E xtracellular afferent fiber recording, amplification, filtering, and monitoring were performed as described above. Throughout the experiment, the outer cupular surface was kept moist by perf usion with the artificial perilymph solution at a flow rate of 0.5 l /sec. Artificial perilymph and dissolved CGRP were delivered to the inner synaptic surface via the perf usion groove at a flow rate of 1.2 l /sec. Only those preparations maintaining a spontaneous discharge rate greater than 100 spikes/min were used. Only those preparations that recovered after drug administration were considered in the analysis.
Sinusoidal stimulation of the hair cell cilia produced by movement of the cupula was accomplished with a computer-controlled bimorphic piezoelectric motor coupled to a micropipette. The glass micropipette was slowly brought toward the cupula (visible with Nomarski optics) while listening to spike discharge on a loudspeaker. A burst of discharge indicated that the micropipette had touched the cupula, whereupon the cupula typically adhered to the glass micropipette.
The frequency response characteristics of the stimulation system were determined with a photonic sensor (Angstrom Resolver by Opto-acoustic Systems) and spectrum analyzer. C alibration of displacement magnitude of the micropipette was performed by imaging the micropipette tip through a 40ϫ water immersion objective. Displacement of the micropipette tip at different stimulus frequencies was calibrated in situ by superimposing a large number of video frames during sinusoidal stimulation. The stimulation protocol comprised a 1 sec stimulation period, followed by a 500 msec pause. Afferent nerve fiber responses to 10 such cycles of stimulation and pause were used to construct poststimulus time and period histograms. Period histograms were initialized at the positive zero crossing of the stimulus voltage. The synchronization and phase of the afferent discharge to the stimulus waveform were computed from the period histograms (Johnson, 1980) . The effects of CGRP were only examined in preparations in which there was no apparent damage to the cupula (as indicated by normal sensitivity to displacement) and in which one of the spikes was significantly higher in amplitude than the other. These requirements meant that only ϳ1 of 10 attempts resulted in a preparation adequate for pharmacological analysis. Analysis was not performed if responses were not stable for long enough for the effects of CGRP to reverse. The results presented herein represent data from 17 animals in which these requirements were met. An additional five animals were used in analysis of normal responses.
RESULTS

Responses to mechanical stimulation
At low stimulus levels, the overall discharge rate was not altered, but the pattern of discharge was modulated so that discharge increased in one phase of the wave cycle and decreased in the opposite phase. At higher stimulus levels, discharge in the excitatory phase changed more than in the suppressive phase, leading to an overall increase in discharge rate. This pattern of response is illustrated in Figure 1 in which period histograms are presented at different stimulus levels for two representative nerve fibers.
As displacement increased, the degree of modulation also increased so that the discharge became more synchronized with the stimulus. One means of quantifying the degree of synchronization is the synchronization index (SI) (Johnson, 1980 ). An SI of 1 would indicate that all spikes fell into one bin in the period histogram. An SI of 0 would indicate that the spikes were evenly distributed in all of the bins. Figure 2 summarizes responses from 22 animals. SI increased sigmoidally with log displacement. The slope was ϳ0.5 SI units per log displacement over most of its range and saturated 40 dB above threshold at strengths between 0.65 and 0.9 SI. Synchronization threshold at the frequency most sensitive to displacement (CF) was near 20 nm. The CFs of these fibers were between 16 and 32 Hz. Slopes of the log displacement functions at frequencies off CF did not appear to be significantly different from those at CF. When SI neared saturation levels, overall discharge rate began to increase. The increase in discharge was represented as the discharge ratio (DR), calculated by dividing the discharge rate evoked during stimulus presentation by the spontaneous discharge rate after stimulus presentation. DR increased exponentially with the log of stimulus intensity and did not saturate at the highest levels of displacement (32 m). SI was a far more sensitive measure of responsiveness than discharge rate. From the data of Figure 2 , it is evident that the displacement-rate function was less sensitive by a 30-to 50-fold difference.
The frequency response properties of the lateral line organ were characterized by plotting threshold displacements for both SI and DR. Tuning curves for five fibers are plotted in Figure 3 . For both SI and DR, all fibers responded with highest sensitivity to stimulus frequencies between 16 to 32 Hz. Slopes of the tuning curves at frequencies below CF were 8 dB/octave; slopes at frequencies above the CF were 26 dB/octave. Tuning curves generated using DR criteria (a change in DR of 0.25) were more broadly tuned and considerably less sensitive than those generated with SI criteria (SI of 0.15).
For stimulus frequencies between 1 and 8 Hz, the phase of the response had a constant value of 0.5 radians (90°) with respect to displacement. Above 8 Hz, the phase changed linearly with the logarithm of the frequency from 0.5 radians to almost 1.5 radians (270°) at 128 Hz, or at a change of 0.6 radians/octave (data not shown). At these frequencies, the synaptic delay and conduction time from the synapse to the recording site (Ͻ1 msec) made insignificant contributions to the change in phase with frequency. These results are in good agreement with those of Kroese et al. (1978) , who used sinusoidal water displacements generated by a glass sphere to stimulate the lateral line organ.
Responses to CGRP
As described in detail in previous reports on this preparation, CGRP increased spontaneous discharge rate (Adams et al., 1987; Sewell and Starr, 1991) . The increase was observed within tens of seconds of application, and the rate could stay increased for tens of minutes after washing the peptide from the synapse. An example is shown in Figure 4 .
We obtained data for the effects of CGRP on stimulus coding at concentrations ranging from 2 to 50 M. In most cases, we used concentrations of 5 or 10 M. Because each neuromast is innervated by two afferent nerve fibers, each of which responds 180°o ut of phase with the other, we could only examine effects on SI in cases in which we could isolate the action potentials of these two fibers from one another. There were 17 such preparations. Two injections of CGRP at 2 m produced no effect. Only one injection was made at 50 m. The 15 cases at concentrations of 5 m and above are summarized below.
Perfusion with CGRP reversibly suppressed SI and lowered DR while increasing spontaneous discharge rate (Fig. 5) . Peak effects for spontaneous rate, SI, and DR were generally observed 2-3 min after perfusion began. All responses recovered with Figure 1 . Afferent nerve fibers of the lateral line organ discharge synchronously to mechanical movement of the cupula. Period histograms represent 10 presentations of sinusoidal cupular displacement at the characteristic frequency of the fiber. Voltage applied to the piezoelectric device is shown in the top. The bottom panels indicate responses in two different fibers to different displacement levels. At the lowest displacement levels (open circles), responses were below the synchronization threshold of the fibers. At moderate displacement levels ( filled gray circles), responses were synchronized to the stimulus waveform but below the rate threshold of the fibers. At the highest displacement levels ( filled black circles), responses evoked increases in afferent discharge. Figure 2 . Both SI and DR increased with displacement. Data are summarized from 20 animals. Not all displacement levels were used in all experiments. Mean Ϯ SE are plotted for displacements with three or more data points. DR was calculated by dividing the discharge rate during stimulus presentation by the discharge rate immediately after the stimulus presentation. Sigmoidal curves were fit to the SI data using a least squares regression analysis. similar time courses. Mean Ϯ SE changes produced by CGRP at displacements 2 m or below (12 animals) in spontaneous rate, SI, and DR are Ϫ39.1 Ϯ 5.5, Ϫ34.9 Ϯ 5.5, and Ϫ13.4 Ϯ 2.8%, respectively.
Changes in the period histograms taken before and during GCRP application suggest that CGRP is decreasing the sensitivity of the preparation to mechanical displacement. The effects of CGRP on two different preparations are shown in Figure 6 . The top and bottom panels, respectively, show effects of CGRP with low (0.4 m) and high (2 m) levels of cupular displacement. In both cases, the appearance is similar to that seen when the gain of the stimulus was reduced by 6 dB (insets in each panel ). One difference, apparent in the top panel, is that CGRP increases the spontaneous rate around which the discharge is modulated. The change in sensitivity during high-level stimulation, shown in the bottom panel of Figure 6 , also demonstrates that CGRP decreases the response of the fiber to displacement levels that produce an increase in average rate.
The reduction in sensitivity to mechanical stimulation is most apparent when the displacement-SI function is plotted before and after CGRP (Fig. 7) . These data, representing effects of CGRP on 15 different animals, are consistent with a simple shift in the displacement-SI function to the right by ϳ10 dB. Threshold tuning curves for five fibers were generated from isodisplacement functions using SI (top) and DR (bottom) criterion levels for threshold. Threshold criteria for SI were displacements producing an SI of 0.15. Threshold criteria for DR were displacements producing a DR of 1.25. High (above 128 Hz) and low (below 1 Hz) frequency tails of the tuning curves are extrapolated from the isodisplacement functions by interpolation of the last two data points. The response of these fibers to CGRP can be represented by assuming that CGRP decreases sensitivity of the fiber while increasing the spontaneous discharge rate. One way of simplistically visualizing the changes in response to displacement with CGRP is simulated in Figure 8 , which shows the expected change, with CGRP, in the response to a tone burst for low-level displacements. Here we have simulated a 50% reduction in modulation depth with an increase in spontaneous rate of 30%, typical of what we have observed.
DISCUSSION
CGRP is an inhibitory efferent neurotransmitter
This is the first report that suggests a functional role of CGRP, or any peptide, in efferent fibers innervating hair cell organs. CGRP suppressed responses of the lateral line organ to mechanical displacement. In the presence of CGRP, larger displacements of the cupula were required to produce the same response. This action suggests a function for CGRP as an efferent neurotransmitter that is strikingly similar to that of cholinergic efferent Figure 6 . CGRP suppresses response to mechanical stimulation. Period histograms before ( filled circles) and after (open circles) CGRP are plotted for two representative fibers. The fiber in the top was stimulated with a relatively low cupular displacement, whereas that in the bottom was stimulated with high displacement. Both fibers were stimulated at CF. For the fiber in the top, discharge rate was modulated around spontaneous without an overall increase in rate during stimulation. For the fiber in the bottom, displacements produced an increase in rate. Insets are examples (from a different fiber) of the change produced in the period histogram by lowering the gain of the stimulus by 6 dB. Figure 7 . CGRP shifts the displacement-response function to higher displacement levels. Data (mean Ϯ SE) taken before ( filled circles) and after (open circles) CGRP administration are plotted on the same axes. SI values before and after CGRP administrations were normalized to the sigmoidal curve from Figure 2 . A sigmoidal curve was fit to all of the CGRP data (dashed line) by a least squares regression analysis. The curve was constrained to the normal maximum SI. There were three cases at 10 m, six cases at 2 m, three cases at 0.4 m, two cases at 0.2 m, and one case at 0.1 m. Figure 8 . Our view of the effects of CGRP is conceptualized in this simulation of afferent discharge in response to a tone at which spontaneous rate is increased (30%) and the depth of modulation is reduced 50%.
transmission in other hair cell organs. A shift to higher levels in the displacement-SI curve of 10 dB makes it comparable in magnitude with the effects of electrical stimulation of efferents in both the lateral line organ (Flock and Russell, 1976) and the mammalian cochlea (Gifford and Guinan, 1983) . This suggests a significant role for CGRP in efferent modulation of the output of this mechanosensory organ.
The effects of CGRP differ from those of efferent stimulation in that cholinergically mediated efferent stimulation suppresses spontaneous discharge in the Xenopus lateral line organ (Russell, 1968; Sewell and Starr, 1991) , whereas CGRP increases spontaneous discharge rate. This and several other observations suggest that the effects of CGRP are not mediated via the cholinergic receptor. First, in our in vitro preparation, the efferent nerve fibers have been cut and are not active. Second, the effects of CGRP on spontaneous discharge rate are evident, even when the effects of cholinergic antagonists block cholinergic efferent stimulation (Sewell and Starr, 1991) . Finally, although the effects of CGRP appear to mimic those of acetylcholine, the only known direct interaction of CGRP with cholinergic transmission is a suppression of the cholinergic response (Giniatullin et al., 1999) .
These differences between CGRP and acetylcholine may offer some advantages. An increase in rate with CGRP may offset the decrease in rate associated with cholinergic efferent stimulation. Spontaneous rates in this preparation are low and stochastic, which may make detection of temporal information content in the signal more difficult. CGRP decreases the depth of modulation, which will increase threshold for detecting signals. However, the increase in spontaneous rate by CGRP could effectively decrease the noise to provide a more secure transfer of temporal information despite the decrease in sensitivity. Another advantage, illustrated by Boyle and Highstein (1990) and first noted by Goldberg and Fernandez (1980) , is that increasing the spontaneous rate ensures that the modulation is not clipped at reductions of rate to near zero. Thus, CGRP makes the receptor a better transducer for large-amplitude motions.
Cellular mechanisms of CGRP-induced changes in discharge patterns
Our previous work showed that the increase in spontaneous discharge rate produced by CGRP was associated with an increase in the rate of occurrence of EPSPs measured in the afferent nerve fibers (Sewell and Starr, 1991) . This observation suggested that CGRP was increasing the probability of vesicular transmitter release from the hair cell. In the present report, we demonstrate that the suppression of stimulus-evoked responses by CGRP was similar to that expected of acetylcholine, a neurotransmitter that is colocalized with CGRP in many efferent terminals (Ohno et al., 1991; Vetter et al., 1991; Roberts et al., 1994; Safieddine et al., 1997) . As detailed below, an increase in intracellular calcium by CGRP might produce both an acetylcholinelike suppression of stimulus-evoked responses and an increase in spontaneous discharge rate.
It is the local increase in intracellular calcium concentration [Ca 2ϩ ] i that generates the effects of acetylcholine in the hair cell [for review, see Fuchs (1996) ]. The ␣-9 cholinergic receptor is directly permeable to calcium (Elgoyhen et al., 1994) , and increases in [Ca 2ϩ ] i mediated by acetylcholine are highly localized near the synapse. The increased [Ca 2ϩ ] i interacts with calciumactivated potassium channels (K C a ) to hyperpolarize the hair cell and to shunt the transduction current (Art et al., 1984) . Cholinergic efferent stimulation suppresses spontaneous discharge rate, indicating that the calcium entering via nicotinic receptors is not sufficient to increase the rate of release of transmitter. Instead, hyperpolarization of the cell dominates the effect on transmitter release. Like outer hair cells of the mammal and short hair cells of the chick, hair cells in Xenopus have synaptic cisternae opposite the efferent terminals (Flock, 1967) . One function of these cisternae is to constrain calcium influx through the cholinergic receptor to a location near the efferent synapse (Martin and Fuchs, 1992) .
The CGRP receptor, on the other hand, is a G-protein-coupled receptor, which is more likely to produce changes in calcium at a distance (Ishikawa et al., 1993; Aiyar et al., 1999; Huang et al., 1999) . If CGRP were increasing intracellular calcium, it could produce both an acetylcholine-like suppression and an increase in discharge rate. Martin and Fuchs (1992) have calculated that K C a channels at the cholinergic synapse are activated by calcium concentrations in the low micromolar range. This may not be too different from the standing calcium concentration at the synapse that drives spontaneous discharge rate (Roberts, 1994) . Thus, a relatively small change in calcium concentration may both increase spontaneous rate and activate K C a channels to produce acetylcholine-like suppression of responses to displacement.
Comparison with efferent activation in other systems
The action of CGRP to decrease gain while increasing spontaneous rate is similar to an action described for efferent stimulation in the vestibular system of squirrel monkey (Goldberg and Fernandez, 1980) and in the toadfish (Boyle and Highstein, 1990) . Our results raise the question of whether any of those effects might be attributable to CGRP. In the squirrel monkey, efferent stimulation increases discharge rate with both a fast and a slow component. Although it is tempting to attribute the slow component, which persists for tens of seconds after efferent stimulation, to a CGRP second-messenger-mediated effect, it should be noted that, in the cochlea, slow effects with similar time courses are undoubtedly attributable to activation of the cholinergic receptor (Sridhar et al., 1995) .
Implications for understanding efferent activation through CGRP of the mammalian cochlea
The location of CGRP in cholinergic efferents that terminate on hair cells of the lateral line organ is comparable with those CGRP-containing lateral olivocochlear efferents that terminate on the inner hair cells (IHCs) in the mammalian cochlea. Although these lateral olivocochlear efferents are often described as terminating on the radial afferent fibers, there are a significant number of efferent terminals on the IHCs (Liberman, 1980; Liberman et al., 1990) . The cholinergic synapses on the IHC contain the same ␣-9 nicotinic receptors seen on hair cells of the lateral line organ. It is plausible that CGRP has the same action on inner hair cells as it does in the lateral line organ: to increase spontaneous transmitter release from the IHCs while decreasing their sensitivity to sound.
